Objectives: This study aimed to investigate the utility of fluorodeoxyglucose (FDG) positron emission tomography for solid pseudopapillary neoplasm (SPN) diagnosis.
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MATERIALS AND METHODS

National Survey of SPN of the Pancreas by the JPS
The study subjects included 288 cases that were diagnosed with SPN using postoperative specimens at 33 facilities with councilors on the Board of the JPS, along with a questionnairebased survey related to the clinical findings. The maximal standardized uptake volume (SUVmax) of the tumor was measured in 53 cases in which FDG-PETwas performed and a study was carried out on the utility of FDG-PET in SPN diagnosis and its relationship to the clinical findings. We then compared the FDG uptake in 25 cases of PDC and 18 cases of pancreatic neuroendocrine neoplasm (PNEN) in which surgery had been conducted at our hospital and PET had been performed before surgery. 2 
FDG-PET Contrast Method
The 18 F-FDG PET scans were performed on a Biograph mCT-S PET/CT scanner (Siemens, Milwaukee, Wis). The patients fasted for at least 5 hours before the injection of 18 F-FDG. Data acquisition was started approximately 60 minutes after the injection of 71 to 333 MBq (range, 1.40-3.67 MBq/kg) of FDG. The imaging range was from the thigh to the head with both arms raised; the imaging length fell within the range of 8 bed positions. The emission acquisition time was 2 minutes in list mode per bed position. The PET images were reconstructed using a 3-dimensional ordered subsets expectation maximization algorithm in a 128 Â 128 matrix with a field of view of 200 Â 200 mm and a slice thickness of 3 mm.
Immunostaining
To study the molecular mechanisms relating to FDG uptake in SPN, we conducted GLUT-1, VEGF, HIF-1, and CD31 immunostaining using the paraffin-embedded section protocol for 6 cases of SPN in which surgery had been conducted at our hospital and investigated the relationship of the findings with the SUVmax.
Immunostaining was performed using a polymer method and ImmPRESS reagent (Vector Laboratories, Burlingame, Calif ). After deparaffinization and hydration, the macrophage method using a citrate buffer Target Retrieval Solution (Dako, Carpinteria, Calif ) was used, which included heat treatment for 10 minutes before antigen retrieval. Endogenous enzyme blocking was conducted for 30 minutes with a 0.3% hydrogen peroxide/methanol solution, followed by blocking with 2.5% normal horse serum. The primary antibodies used were as follows: GLUT1 (1:300 dilution, ab652; Abcam, Cambridge, United Kingdom), VEGF-A (1:200 dilution, ab46154; Abcam), HIF-1 (1:500 dilution, ab85886; Abcam), Ki67 (1:50 dilution, ab8191; Abcam), and CD31 (1:300 dilution, bs0195R; Bioss, Woburn, Mass). The antibodies were all left overnight for a response, followed by the use of the ImmPRESS reagent for the secondary antibody reaction. Staining was conducted with the ImmPACT DAB enzyme substrate solution.
Immunostaining was evaluated on the basis of staining concentration and the ratio of tissue stained. The degrees of staining of the GLUT-1, VEGF, and HIF-1 of the cytoplasm and cell membranes were classified into 4 levels: negative (−) or positive (+, ++, or +++). In addition, the number of capillary vessels stained with CD31 was measured in 4 random sites with high vessel density in a visual field of 1:200 (0.8 mm 2 ) for each sample to measure the microvessel density based on the average value.
Statistical Analysis
We performed statistical analysis using JMP Ver.12.0.1 (SAS Institute Inc, Cary, NC) software program. The Kaplan-Meier method was used to estimate the cumulative survival, and log-rank test was used for between-group comparisons. With respect to 2-tailed tests, the Pearson χ 2 was used to determine statistical significance. The data are presented as mean (standard deviation [SD]), unless stated otherwise.
RESULTS
Patient Characteristics
The National Survey included 53 SPN patients who had undergone FDG-PET imaging ( Table 1 ). The male-to-female ratio was 22:31. The average (SD) age was 37.5 (12.4) years (range, 11-68 years). The sites included the pancreatic head in 15 cases, the pancreatic body in 25 cases, and the pancreatic tail in 13 cases. The average (SD) tumor diameter was 38.4 (28.2) mm (range, 10-130 mm). Computed tomography examinations revealed prolonged staining in 35 cases (66%), calcification in 32 cases (60%), and cysts in 22 cases (42%). Fifteen cases had tumor diameters of 20 mm or smaller, and in 9 of those cases, neither cysts nor calcification was observed; therefore, it was difficult to differentiate between PDC and PNEN by imaging examination. Endoscopic ultrasound-fine needle aspiration was conducted before surgery in 26; 22 of which were diagnosed with SPN. One case was a pancreatic neuroendocrine tumor, and 3 cases were difficult to diagnose because of a low tissue volume. In all cases, preoperative FDG-PET was conducted. Examination of postoperative tissue samples of all cases revealed pseudopapillary structure (characteristic of SPN) and positive β-catenin in immunostaining; thus, the cases were diagnosed as having SPN. In postoperative pathology, extrapancreatic infiltration and lymph node metastases were not observed, but there were 2 cases of lymphatic vessel invasion, 4 cases of vessel invasion, and 8 cases of infiltration into the surrounding nerve plexuses. The average diameter of tumors with vessel invasion or infiltration of the nerve plexuses was 51 mm (30-130 mm); thus, large, and no vessel invasion or nerve plexus infiltration was observed in tumors 20 mm or smaller. Among the 25 patients with PDC, the male-to-female ratio was 14:11, and the average (SD) age was 64.2 (7.8) years (range, 49-76 years), which therefore were significantly higher (P < 0.001) compared with SPN. The sites included the pancreatic head in 15 cases, the , and there were 8 cases with tumors of 20 mm or smaller. Finally, in PNEN, the male-to-female ratio was 7:11 in 18 patients, and the average (SD) age was 56.9 (12.5) years (range, 23-73 years). The sites included the pancreatic head in 7 cases, the pancreatic body in 4 cases, and the pancreatic tail in 7 cases. The average (SD) tumor diameter was 24.2 (15.1) mm (range, 6-60 mm), and there were 10 cases with tumors of 20 mm or smaller. In all cases, preoperative PET-CT was performed. There were no distant metastases or infiltration into the surrounding vessels, and the patients were considered suitable for surgery.
Comparative Study of SUVmax in SPN, PDC, and PNEN
The median and average (SD) SUVmax values in SPN were 4.4 (range, 1.8-9.8) and 4.9 (2.6), respectively ( Table 2 ). Based on the normal SUVmax cutoff value of 3 for positivity, the FDG-PET positivity rate was 77% (41 cases). Nine of 15 cases with tumors of 20 mm or smaller were FDG-PET positive. The average tumor diameter in the positive cases was 41 mm, which was significantly larger than the 22 mm in the negative cases (P = 0.016). A positive correlation was observed in terms of the relationship between SPN tumor diameter and SUVmax ( Fig. 1 , correlation coefficient (r) = 0.45, P = 0.007). The average SUVmax values were 3.9 for tumor diameters up to 20 mm, 4.6 for those measuring 21 to 30 mm, and 5.6 for those measuring 41 to 50 mm; therefore, SUVmax increased with tumor diameter. Furthermore, the average SUVmax value in the 9 cases with vessel invasion or nerve plexus infiltration was 6.2, which was significantly higher than the average value of 4.6 for cases without vessel invasion or nerve plexus infiltration (P = 0.04).
The median and mean (SD) SUVmax values for PDC were 6.5 (range, 2.1-10) and 6.1 (2.8), respectively, which were significantly higher than the values for SPN (P = 0.04). If the SUVmax cutoff value was set to 3, there were 18 cases with PET positivity (72%). In tumors with a diameter of 20 mm or smaller, only 1 of 8 cases was FDG-PET positive. A positive correlation was observed between tumor diameter and SUVmax ( Fig. 1 , correlation coefficient (r) = 0.76, P = 0.005). The average SUVmax values were 2.5 for tumor diameter up to 20 mm, 6.5 for tumor diameters of 21 to 30 mm, and 8.7 for tumor diameters of 41 to 50 mm.
The median and average (SD) SUVmax values for PNEN were 3.3 (range, 1.2-20.7) and 4.4 (4.3), respectively, which did not differ significantly from those for SPN. If the SUVmax cutoff value was set to 3, 11 cases were PET positive (61%). In tumors of 20 mm or smaller, only 3 of 10 cases were FDG-PET positive. A positive correlation was observed between tumor diameter and SUVmax ( Fig. 1 , correlation coefficient (r) = 0.78, P = 0.003). The average SUVmax values were 2.6 for tumor diameters up to 20 mm, 4.2 for tumor diameters of 21 to 30 mm, and 9.4 for tumor diameters of 41 to 50 mm.
Therefore, in SPN, PDC, and PNEN, an enlargement of tumor diameter led to increased SUVmax. In addition, the average 
Histopathological Characteristics and Immunohistological Evaluations
To investigate the factors relating to FDG uptake in SPN, an evaluation of the histopathological characteristics and GLUT1, VEGF, HIF-1, and CD31 immunostaining were conducted in 6 cases of SPN in which surgery was performed at this hospital and in which postoperative evaluation using the paraffin-embedded section protocol could be used (Table 3 ). In terms of patient characteristics, the average (SD) age was 34.2 (14. 3) years, the average (SD) tumor diameter was 19.8 (6.7) mm, and the average SUVmax was 4.2 (1.5; Table 4 ).
The basic pathological findings of SPN indicated that it was a solid tumor with a dense presentation of small, round cells with nuclei, surrounding a pseudopapillary structure. In addition, the internal characteristics differed significantly depending on tumor diameter. In cases 1 and 2, with small tumor diameters, there were no cysts or bleeding, and both had solid tumors with extremely high cell densities ( Figs. 2A, B ). Both cases had small areas of necrosis in the middle of the tumor, which included a number of instances of small-scale follicular degeneration of the tumor cells ( Fig. 2C ). Fibrous septal structures were observed, and involvement of the surrounding pancreatic tissue was observed in areas with no septum (Fig. 2D ). With an increase in tumor diameter, there was more bleeding and necrosis. In cases 5 and 6, with large tumor diameters, necrotic changes were widespread within the tumor, with widespread findings of bleeding also observed (Figs. 3A,  B ). Furthermore, a comparison of cases 1 and 2 revealed large-scale follicular degeneration in the intercellular spaces of the area of necrosis, with some cyst formation, and reduced cell density in the areas of necrosis (Fig. 3C) .
Immunostaining of GLUT1 revealed heavy staining in the tumor nuclei, whereas staining of the cytoplasm and cellular membrane differed depending on the internal characteristics. In solid areas, there was only weak staining of the cytoplasm and cellular membranes, whereas relatively strong staining was observed in areas of necrosis (Fig. 4) . In case 1, with a small tumor diameter, no cytoplasmic staining in the solid area and weak staining in the area of necrosis were observed (Figs. 4A, B ). Increased tumor diameter led to staining of the membranous and cytoplasm in the solid area and strong staining in the area of necrosis (Figs. 4C, D). In addition, in masses with a large tumor diameter, the necrosis was widespread, with correspondingly widespread areas of staining. Staining for HIF-1 and VEGF was weak in the solid areas of the tumor, as was observed for GLUT-1, and relatively strong staining was observed in the necrotic area. The level of staining increased with increasing tumor diameter. In case 1, with a small tumor diameter, staining was weak in the area of necrosis; however, in cases 5 and 6, relatively strong staining was observed in solid areas and strong staining was observed in the areas of necrosis (Figs. 5, 6 ). Microvessel density stained with CD31 revealed an increase corresponding to the increase in tumor diameter; however, the difference was not statistically significant (P = 0.15). Furthermore, evaluation of the microvessel characteristics indicated that the individual vessels were very small in the solid area of the tumor, whereas the area of necrosis had thickening of the vascular walls and crossover of vessels. These changes were more often observed in tumors with large diameters (Fig. 7) .
DISCUSSION
There remain many unknown factors in the molecular mechanisms and clinical conditions of SPN. Under World Health Organization classification, SPN has low malignant potential, but metastases occur occasionally. [2] [3] [4] [5] In a previous National Survey on SPN, we investigated the clinical pathology characteristics of 288 cases. The clinical characteristics included 5 cases (1.7%) with distant metastases, and postoperative recurrence was observed in 6 cases (2.1%); however, the 5-year survival rate was good at 98.8%, and complete resection is reported to be important for treatment. The reported pathological characteristics include a F e m a l e 5 0 T a i l 3 0 4 . 8
higher likelihood of degeneration such as cysts or calcification with increasing tumor diameter, whereas small tumors of 2 cm or smaller are often observed as solid tumors without these types of degeneration. 2 Even among the 53 cases in our study, a number had tumors of 2 cm or smaller without cysts or calcification; thus, the differential diagnosis between PDC or PNEN is difficult with imaging examinations alone.
Previous reports on FDG-PET in SPN did not observe a high uptake of FDG 21, 22 ; however, high intake is reported in most cases. [7] [8] [9] [10] [11] [12] [13] Furthermore, a report comparing FDG uptake in SPN, PDC, and PNEN suggested that the lower limit of SUVmax was potentially useful for the differentiation of PDC and PNEN. 9 A report on similarly sized tumors stated that FDG uptake is often observed in SPN compared with that in PDC but is difficult to differentiate by FDG-PET alone. 11 With regard to the differentiation between malignant and benign SPN, cases with vessel invasion and metastases have significant FDG uptake and there are also reports that FDG-PET is useful for the diagnosis of SPN stage. 10, 11 In our study, the overall comparison of SUVmax between SPN, PDC, and PNEN revealed significantly higher SUVmax of PDC and no significant difference with SPN and PNEN.
However, in small tumors of 20 mm or smaller, PET positivity was observed in 9 (60%) of 15 cases in SPN, whereas there were 1 (13%) of 8 cases of PDC and in 3 (30%) of 10 cases of PNEN. The average SUVmax for SPN measuring 20 mm or smaller was 3.9, significantly higher than 2.5 for PDC and 2.6 for PNEN. As with previous reports, it is difficult to differentiate between SPN, PDC, and PNEN using only FDG-PET, 9 but in SPN with small tumor diameter, high FDG uptake is more often observed. In addition, cysts and bleeding are unlikely to occur in SPN with a small tumor diameter, and its differentiation from PDC and PNEN is difficult. Thus, if high FDG uptake is observed in tumors measuring 20 mm or smaller, FDG-PET may be useful for SPN differentiation. Furthermore, in our study, there were no cases with distant metastases or extrapancreatic infiltration, but 9 cases of SPN had vessel invasion or nerve plexus infiltration, with an average SUVmax of 6.2, a value significantly higher than the average of 4.6 for cases with no vessel invasion or nerve plexus infiltration (P = 0.04). Solid pseudopapillary neoplasm with high FDG uptake may reflect malignant findings; therefore, FDG-PET may be useful in determining disease stage. The factors related to FDG uptake in FDG-PET include tumor size, histologic type, and cellular density. The associated . Microvessel density measured based on microvessels stained with CD31. A and B, Case 1. Individual vessels were very small in the solid area (A), whereas the area of necrosis had thickening of the vascular walls and crossover of vessels (B). C and D, Case 6. Vessels in the solid area were small (C), whereas the area of necrosis had thickening of the vascular walls and crossover of vessels (D); these changes were more often observed than in case 1. molecular mechanisms include glucose metabolism and hypoxic environments. 6 The FDG used in FDG-PET is, as with glucose, taken into cells via GLUT-1 that is present in the cell membrane. It is metabolized by hexokinase to form FDG-6-phosphate; however, unlike glucose, it is not further metabolized and remains within the cells. Because there is an increase in glucose metabolism in tumor cells, there is an overexpression of GLUT-1 and an enhanced uptake of FDG. Fluorodeoxyglucose PET uses this principle so that the distribution of FDG within cells can be analyzed. 6, 23 The hypoxic environment within tumors is also thought to be connected to FDG uptake. Within cells, a blood circulation imbalance can occur along with increasing tumor size and a hypoxic environment can develop. If the hypoxic environment persists, necrosis will occur in the tissues because of apoptosis; however, in a hypoxic environment, the transcription factor HIF-1 is activated, inducing the glycolytic group of enzymes and increasing glucose uptake into tumor tissue. Neovascularization factors such as VEGF are induced, leading to an increase in new vessels. Uptake of FDG is thought to increase owing to diffusion within the tissue. 19, 20, 23 Furthermore, a report suggests that HIF-1 is involved in the activation of GLUT-1, and the involvement of molecular mechanisms of GLUT-1, HIF-1, and VEGF with FDG uptake has been reported. 18, 19, 24 Higashi et al 14 reported the expression of GLUT in pancreatic tumors, and that although the expression of GLUT1 is not observed in normal pancreatic tissue or inflammatory masses, it is expressed at high levels in various pancreatic tumors including SPN; thus, it is involved in FDG uptake. In addition, Park et al 13 also reported on glucose metabolism in SPN, observing high expression of GLUT1 in SPN. They classified the distributions of FDG uptake within tumors and reported their differences from glucose metabolism activation. Regarding hypoxic environments in pancreatic tumors, Büchler et al 25 reported on the connection between HIF-1 and VEGF in PDC. They observed that once a hypoxic environment was formed, HIF-1 is activated over time, with increased expression of VEGF, changes that were not observed in a normal pancreas. Chen et al 26 reported on the association between HIF-1 and GLUT-1 expression in pancreatic tumors, in which GLUT-1 is controlled by HIF-1 and that inhibition of the HIF-1 enzyme response suppressed the uptake of glucose.
In the present study, GLUT-1, HIF-1, and VEGF were all negatively or weakly expressed in the solid areas of the tumors, whereas slightly higher expression was observed in the necrotic regions. In addition, with increasing tumor diameter, stronger expression was observed in both solid and necrotic areas. One feature of SPN is that its inner characteristics change with increasing tumor diameter. These changes can be observed in typical SPN image findings of cystic degeneration and bleeding. Solid pseudopapillary neoplasm forms as a tumor with high cell density, and a hypoxic environment develops in the center with tumor growth. Hypoxia-inducible factor-1 is activated, resulting in the induction of GLUT-1 (related to glucose metabolism) and VEGF (related to neovascularization). In contrast, necrosis develops in a hypoxic environment and necrotic areas spread with tumor enlargement, resulting in an inflammatory response associated with necrosis and an increased likelihood that bleeding will occur from the increasing vessels.
High cell density is one potential explanation for the high FDG uptake in SPN while the tumor diameter is small; however, although FDG uptake increases with increasing tumor diameter and associated GLUT-1 and VEGF activation, widespread necrotic changes result in lower FDG uptake in necrotic areas and FDG uptake will not increase throughout the entire tumor. Thus, tumors with small diameters have a relatively higher SUVmax than those in PDC and PNEN; however, the increase in SUVmax with increasing tumor diameter may be suppressed.
CONCLUSIONS
When tumor diameter in SPN is small, there are usually no cysts or bleeding; therefore, it is difficult to differentiate it from PDC and PNEN. In the diagnosis of SPN, it is difficult to differentiate from PDC and PNEN with FDG-PET alone; however, it is common for SPN with small tumor diameters to have high SUVmax values compared with those for PDC and PNEN. Therefore, if high FDG uptake is observed in tumors with a small diameter, FDG-PET is potentially useful for the differential diagnosis of SPN. In addition, although cell density and the molecular mechanisms of GLUT-1, HIF-1, and VEGF may be involved in FDG uptake in SPN, the internal characteristics of SPN can significantly change with increased tumor diameter; thus, internal necrotic changes, in particular, have a significant effect on FDG uptake.
